ABSTRACT
ing effects of lateral variations from the Mtinsterland area in Germany is interpreted quantitatively. Data from four of the sites in this survey display nonlayered earth behavior. A sign reversal in one of the data sets, which is always a clear indicator for lateral conductivity variations, is the most striking feature.
Our interpretation concept consists of the sequential use of three different modeling routines. A thin-sheet algorithm (Vasseur and Weidelt, 1977) is used with inversion for a first approximation to the data. It allows conclusions about strike and position of the conductive structure, although the detailed structure and resistivity values of the thin-sheet modeling results are found to be geologically unrealistic. Refinement with a volume integral equation program (Newman et al., 1986) provides additional information concerning the position and geometry of the structure. Finally, a more flexible finite-difference program (Druskin and Knizhnerman, 1988) allows a more complicated 3-D interpretation that aligns with the geological information.
COMPARISON OF THE FORWARD ROUTINES
The first program we use is a so-called "thin-sheet" modeling routine. It calculates the transient response of an infinitesimally thin horizontal sheet, which is embedded in a layered half-space. The conductance, the product of thickness and conductivity, is finite. The algorithm is based on an integral equation technique (Vasseur and Weidelt, 1977) . The main advantage of the program is its computational speed (about 5 min. CPU time on a Microvax computer for one earth model), allowing an inversion to obtain a rapid first-order fit of the data. Since the resulting model is restricted to anomalous bodies of finite horizontal extent, which may not be appropriate to the current problem, it is used as the starting model for more complex 3-D simulations.
The second program we use is a volume integral equation (IE) program (Newman et al., 1986) . It calculates the transient response of confined bodies in a layered half-space. Theoretically, there are no restrictions concerning the number and the shapes of the bodies, but it can become very CPU-time intensive for complicated models encountered in real exploration situations. This program permits modeling for bodies of limited vertical and lateral extent. The goal is to approach a real geological model.
The third program (Druskin and Knizhnerman, 1988 ) is based on the spectral Lanczos decomposition method (SLDM) to solve the diffusion equation using finite differences. This program is practically unlimited in terms of model complexity and allows the closest approximation of real geology. Since the theory is not yet well known in the Western world, we outline it briefly in the Appendix.
The three programs are compared using the model shown in Figure I . A horizontal conductive body of 25 m thickness and 0.25 0 * m resistivity is embedded in a homogeneous half-space of IO 0 * m. The transmitter is located 8 km away from the body with the dipole being parallel to strike. The thin-sheet modeling simulates the body with a conductance of 100 S. This model reflects our original understanding of the cause of observed 3-D anomalies. It represents one of several model classes that produce sign reversals in the calculated signal. Synthetic data were calculated at three different receiver sites marked on the right in Figure I .
The modeling results for the different programs are compared in Figure 2 . Absolute values of the apparent resistivities, which are directly proportional to the time derivative of the vertical magnetic field (Kaufmann and Keller, 1983), are displayed in the log-log domain. A sign reversal on a linear scale causes a notch in the log-log presentation. Plus and minus signs in the figure indicate the polarity. In the upper row, the thin-sheet modeling results are compared with those of the IE program. For all three receiver sites, the two curves match well at late times (greater than 0.5 s). For site I, the curves diverge only at very early times. The greatest difference occurs for site 2. The deviations may be caused by the slightly different models, because the thin-sheet program uses an infinitesimally thin body, whereas the body is 25 m thick for the IE program. Considering this, all the response discrepancies may be regarded as small.
The second row shows the comparison of the SLDM results with the IE program results. Again, for the late times the match is very good. The deviation of the curve occurs for early times and is greatest for site 2. In this case, we also must consider that the earth model is difficult for the finite difference algorithm, because the anomalous zone is confined to a small area and causes large field gradients. For the volume integral equation program the model is almost ideal. As in the upper row, the differences are small and confirm that all three programs give consistent results.
THE FIELD DATA
The field data were recorded in 1987 in the munsterland area of Germany. and an associated anomalous magnetic field. At receiver sites toward the transmitter, this anomalous magnetic field increases the total magnetic field; beyond the anomaly the total magnetic field is reduced, and possibly causes a sign reversal. The lower part of Figure 5 shows the calculated 3-D responses along the profile over the body for 10, 50, and 100 ms after the current switching. The dipole-type response of the conductor is visible for early times. This response is also characteristic for conductors with different shape and depth extent, as additional modeling with different routines has shown. From the qualitative model, we select a conductive body between the transmitter and station A05, so that stations A03 and A07 lie between the body center and the transmitter (Figure 6) . This model will not explain the data set A06, which shows similar behavior to A03 and A07, because site A06 is on the wrong side of the anomaly. To explain the measurements at station A06 one would have to construct a model with an additional body. At this stage there is not sufficient geological information nor LOTEM data to interpret station A06 at the end of the profile. Thus we will concentrate on the three stations A03, A07, and AOS. The data set A06 will be discussed at the end of the paper. We hope to find a model that gives a quantitative fit to the data for three of the four anomalous stations.
RESULTS OF THE THIN-SHEET MODELING
From the above, we know approximately where to place the anomaly, but it is still a cumbersome trial-and-error procedure to find a thin-sheet model that fits the data. Thus, we incorporated the thin-sheet modeling into an inversion routine using the Jupp and Vozoff (1975) algorithm. The variable parameters are the conductance of the thin sheet and its depth. All other parameters, such as strike, position, and horizontal extensions of the sheet are fixed. The underlying I-D earth is kept fixed at the parameters of the closest non-3-D station AOI. This incorporates the reasonable assumption that in this 3-D area the layering does not change, but is disturbed by a local structure.
Some forward modeling was necessary to find a reasonable starting model. For the first model runs, the 3-D effect in the calculated data were not large enough. The reversal occurred at very early times and was not comparable with the large effect in the data of station A05. We found that we had to use an elongated sheet with strike approximately southwest-northeast and with increased conductance. Based on these results, different models with varying strike and varying horizontal position of the sheet were used as starting models for the inversions. thin-sheet model, which was selected by a comparison of the The drawback of the model in Figure 6 lies in the shallow final rms errors for the different starting models. The corredepth of the thin sheet and its high conductance. This was a sponding data fits are illustrated in Figure 7 . Considering the common feature of all inversion results. The inversion simplicity of the model, the fits are extremely good. Note also always moved the sheet toward the surface and increased that the early-time amplitudes of stations A03 and A07 are the conductance, suggesting a man-made conductor-such well-matched. This was a difficult task because the 3-D effect at as railroad tracks or power lines-as cause of the anomaly station A03 is larger than at station A07, although site A07 is (Sternberg, 1979). Since these do not exist in this area, we closer to the expected position of the anomalous structure. For assume that the shallow depth and the high conductance are the model in Figure 6 station A07 is so close to the midpoint of an artifact of the thin-sheet modeling. The true conductivity the sheet that the 3-D effect is weaker than at station A03. structure is probably much more complicated than a thin Figure 5 illustrates, that a 3-D effect becomes smaller when sheet, and the conductive anomaly could extend vertically approaching the midpoint of the anomaly, because the scatrather than horizontally. Thus, we cannot expect to detertered magnetic field becomes predominantly horizontal. Qualmine the correct depth to the anomalous zone. We can itatively reasonable data fits were also obtained for different conclude from the thin-sheet modeling that we can fit the starting models. From the inversion results we conclude that data with a conductive anomaly between station A03, A07, the strike of the sheet could vary approximately 15 degrees in and AOS, and that the strike is approximately southwestboth directions from the model in Figure 6 , as long as station northeast. With this information, we refine our model further A07 is close enough to the midpoint of the sheet. using another 3-D program. Figure 9 shows the data fits for this model. The fits are worse than the thin-sheet modeling results (compare Figure 7) . The early time amplitudes do not match for stations A03 and A07, and the reversal effect is too small for station A05. This suggests that the receiver must be close to the anomaly to get strong effects. To test this assumption, the field data of station A05 is compared with the calculated data (see Figure 9 ) of a fictitious station marked "Test" in In three steps, we have derived a 3-D earth model that adequately fits our observed LOTEM data and agrees with the known geology. In the first step, we determined the approximate position and the strike of the anomalous structure with a thin-sheet inversion routine. In the second step, we calculated the response for a more complex model that integrates a possible geological cause of the 3-D effects using a volume integral equation program. This showed that we had to modify the strike of the structure, because the now vertically extended body causes a spatially narrower anomsly than a horizontal thin sheet. In the last step, we derived a realistic model, for which the calculation was done with a finite-difference algorithm (SLDM). The model was constructed using the locations of creeks at the surface. The geological explanation is brine rising along fractured zones creating a decrease in resistivity.
The In the computations for the final model, we used a resistivity of 0.1 fi.m, which is very low even for high salinity brine. Calculations with different resistivities and larger structures suggest that the resistivity of the structure could be higher, but not above I Rem. An explanation of the low resistivity could be salty clay, which in addition to the decrease in resistivity may cause an induced-polarization (IP) effect. IP effects on TEM data have been investigated by Flis et al., (1989) and by Smith and West (1989), who explained sign reversals in coincident loop TEM. To test the applicability of their theories to the LOTEM data in this area, requires further measurements, such as geoelectric mapping, IP, and shallow TEM to more accurately define the physical properties of the anomalous zone.
As our main conclusion, we illustrate the possibility of quantitative interpretation of 3-D effects in LOTEM data which provides detailed information about the conductivity structure. In the munsterland area, it is difficult to assess the geological truth of the model due to the sparse station density, but it is an excellent basis for designing more detailed investigations.
Our interpretation concept can be applied in different areas, where the observed effect also shows a sign reversal at one receiver site together with an early-time amplitude increase at other stations. In these cases, we recommend the use of a thin-sheet program to obtain a first fit of the data. The second and third step will depend on the specific geologic situation, but the sequential use of simple and then more complex modeling routines may be reasonable in any case. Our procedure will not necessarily work if the observed 3-D effects are more complex than those shown here (i.e., the reversals are distributed over a large area, or multiple reversals occur). For these cases, more experience in interpreting real field data is required.
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